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(57) ABSTRACT

Provided is a radiation detecting element, including: a semi-
conductor layer including a tin oxide crystal; and a detecting
unit configured to detect, as an electrical signal, charges gen-
erated in the semiconductor layer when the semiconductor
layer is irradiated with radiation, in which a resistivity of the
semiconductor layer is 107 Q-cm or more.
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1
RADIATION DETECTING ELEMENT USING
OXIDE CRYSTAL AND METHOD OF
MANUFACTURING OXIDE CRYSTAL

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a radiation detecting ele-
ment using a tin oxide crystal and a method of manufacturing
semiconductor including a tin oxide crystal having a high
resistivity, which is applicable to the radiation detecting ele-
ment.

2. Description of the Related Art

As a radiation detecting apparatus used to detect X-ray or
y-ray in medical or industrial application, a radiation detect-
ing apparatus including a detecting portion using semicon-
ductor such as Si or Ge has been known. However, in the case
of using Si and Ge, a thick semiconductor layer is required,
because Si or Ge has a long absorption length of the X-ray,
and hence there is a constraint in downsizing the apparatus or
making the apparatus thinner so that a usage range of the
apparatus is limited. In Japanese Patent Application Laid-
Open No.2001-242255, a radiation detecting apparatus using
CdTe, CdZnTe, Hgl,, Pbl,, amorphous selenium (a-Se), or
the like, as a material having a relatively short absorption
length of the X-ray, has been described.

Further, acquisition of an image of radiation is performed
by using a sensor array including two-dimensionally arrayed
radiation detecting elements. For example, an X-ray image
sensor has been developed, which includes transistors and
radiation detecting elements (photoconductive elements)
formed on a substrate in an arrayed manner, as an image
detecting apparatus for X-ray diagnosis for chest or general
radiography. There is a system of converting incident X-ray
absorbed in a photoconductive layer such as a-Se into charge
signals by using a high electric field, accumulating the
charges in a capacitor, and reading out the accumulated
charges through a transistor.

In order to detect the incident X-ray completely, a suffi-
ciently thick photoconductive layer is required to absorb the
X-ray. For example, in the case of using a-Se as the photo-
conductive material for detecting the X-ray, the a-Se is
formed as thick as about 1 mm. Further, in order to collect
charges generated in the a-Se to arrive at electrodes without
being trapped in a defect level in the film, a voltage as large as
about 10 kV is applied between the electrodes.

However, in the materials such as a-Se, CdTe, Hgl,, Pbl,,
and the like, which have been considered before, a highly
toxic element is used.

Although there has been areport of using ZnO as a material
having low toxicity and small environmental load, it has not
yet led to practical use due to its low sensitivity and large dark
current.

SUMMARY OF THE INVENTION

According to one embodiment of the present invention,
there is provided a radiation detecting element, including: a
semiconductor layer including a tin oxide crystal; and a
detecting unit configured to detect, as an electrical signal,
charges generated in the semiconductor layer when the semi-
conductor layer is irradiated with radiation, in which a resis-
tivity of the semiconductor layer is 107 €-cm or more.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an arrangement
of SnO, (a form of a tin oxide) and a structure (green com-
pact) including an oxide in a thermal treatment process (resis-
tivity enhancement process) according to an embodiment of
the present invention.

FIG. 2 is a schematic diagram illustrating a configuration
of'an X-ray detecting element according to the embodiment
of the present invention.

FIG. 3A is a schematic diagram illustrating another con-
figuration of the X-ray detecting element according to the
embodiment of the present invention.

FIG. 3B is a schematic cross-sectional view illustrating the
another configuration of the X-ray detecting element accord-
ing to the embodiment of the present invention.

FIG. 4 is an operation flowchart illustrating a method of
manufacturing the X-ray detecting element according to the
embodiment of the present invention.

FIG. 5 is a graph showing X-ray response characteristics
according to Example 1.

FIG. 6 is a graph showing ultraviolet response character-
istics according to Example 1.

FIG. 7 is a graph showing X-ray response characteristics
according to Example 11.

FIG. 8 is a graph showing pulsed X-ray response charac-
teristics according to Example 12.

FIG. 9 is a schematic diagram illustrating a temporal
change of photocurrent response.

FIG. 10 is a graph showing energy-dependence of X-ray
transmissivity of SnO,.

DESCRIPTION OF THE EMBODIMENTS

The inventors of the present invention have found that a tin
oxide can be used to detect radiation (X-ray) while studying
a radiation detecting element using a material having low
toxicity and small environmental load. The inventors of the
present invention have further found that a radiation detecting
element having higher detection sensitivity and smaller dark
current than those of a radiation detecting element using ZnO
can be achieved by using the tin oxide.

In order to achieve an excellent X-ray detecting element, it
is desired that the material for the detection have high perfor-
mance of absorbing the X-ray, high current sensitivity with
respect to the X-ray, and high resistivity to reduce the dark
current.

Exemplary embodiments of the present invention are
described below with reference to the accompanying draw-
ings.

Configuration of Radiation Detecting Apparatus

A radiation detecting element according to an embodiment
of the present invention is described with reference to FIGS.
3A and 3B. As illustrated in FIGS. 3A and 3B, the radiation
detecting element according to this embodiment includes a
semiconductor layer 1 (radiation detecting portion) formed of
SnO, that is a form of the tin oxide, an upper electrode 8, and
a lower electrode 9. A bias power source 7 and an ammeter 6
are connected in series to the radiation detecting element. The
semiconductor layer 1 is irradiated with a radiation (X-ray) 5.
In FIG. 3B, a cross-sectional view taken along the line 3B-3B
of FIG. 3A is shown, in order to make a wiring connection to
the lower electrode 9 clear.

When the semiconductor layer 1 is irradiated with the
radiation, the radiation detecting element according to this
embodiment detects charges generated in the semiconductor
layer 1 as electrical signals. By being irradiated with the
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radiation, the charges (electrons and holes) are generated in
the semiconductor layer that includes SnO,. By measuring
current originated from the charges with an external circuit,
the electrical signals having correlation with intensity of the
radiation can be detected. In FIGS. 3A and 3B, the bias power
source 7 and the ammeter 6 constitute the external circuit.

In FIGS. 3A and 38, the first electrode (upper electrode 8)
and the second electrode (lower electrode 9) are arranged
facing each other across the semiconductor layer 1. Alterna-
tively, as illustrated in FIG. 2, electrodes 3 and 4 can be
arranged with a predetermined interval on a surface of a
semiconductor layer including SnO,. In FIG. 2, the radiation
detecting element includes SnO, 1 and the electrodes 3 and 4.
The bias power source 7 and the ammeter 6 are connected in
series to the radiation detecting element, and the SnO, 1 is
irradiated with the radiation 5. However, in terms of being
able to stably capture the generated charges with an electrode
having a wide area, the configuration illustrated in FIGS. 3A
and 3B is preferred.

The resistivity of the semiconductor layer including SnO,
is 107 Q-cm or more, and the resistivity is preferred to be 10°
Q-cm or more. By using SnO, having this resistivity, a radia-
tion detecting element having small dark current can be
achieved. SnO, having this resistivity can be manufactured by
a method that is described in detail later.

It is preferred that the thickness of the SnO, semiconductor
layer be 0.1 mm or more to 1 mm or less, and the thickness is
more preferred to be 0.2 mm or more to 1 mm or less. In the
above-mentioned radiation detecting element, it is preferred
that the semiconductor layer have the thickness enough to
absorb the radiation. FIG. 10 shows transmissivity of the
X-ray calculated from the X-ray absorption coefficient of
SnO,. For example, in the case of the X-ray of 30 keV, about
90% of the X-ray can be absorbed with the thickness of 0.1
mm. Further, about 99% ofthe X-ray can be absorbed with the
thickness 0of 0.2 mm. In the case of using the X-ray of about 10
keV to 80keV, it is preferred that the thickness of SnO, be 0.2
mm or more. On the other hand, toward downsizing the appa-
ratus and enhancing the charge collecting efficiency, it is
preferred that the thickness of the semiconductor layer be
thin, and specifically, the thickness is preferred to be 1 mm or
less.

It is preferred that the semiconductor layer including SnO,
according to this embodiment have pt product (mobility life-
time product) of 1075 cm?/V or more. In particular, the put
product is preferred to be 10~ cm?/V or more. By using this
SnO, semiconductor, an element that is highly sensitive under
low bias voltage can be achieved. The put product can be
estimated from, for example, photocurrent evaluation under
an ultraviolet excitation. The pt product can be calculated by
the following expression (1).

o w
~ VeLF,

M

ur

where I is a photocurrent value, V is a bias voltage, W is a
distance between electrodes, L. is a width of the electrode, F,
is an irradiation light flux, and e is an elementary charge.

Alternatively, the ut product can be estimated from a time-
of-flight method or bias voltage dependence of the charge
collection efficiency.

An electrode material that can be used for the electrodes 3
and 4 (electrodes 8 and 9) includes Au, Pd, Ni, carbon, Ti, Al,
Cu, and the like. As a method of forming the electrodes, an
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4

evaporation method, a sputtering method, a non-electrolytic
plating method, or a printing method can be used.

As the ammeter 6, one used for an arbitrary current mea-
suring method can be used, in which measuring voltage
across a resistor, reading the charge amount accumulated in a
capacitor, a current-voltage conversion amplifier, or a charge-
sensitive amplifier can be used. Further, a method of reading
a temporally averaged current value as a radiation intensity
signal or a method of converting current pulse generated by
the radiation irradiation into pulsed voltage and counting the
number of pulses can be used. In addition, analysis of energy
of'the radiation can also be performed by using a pulse-height
analyzer.

An example of using SnO, for the radiation detecting ele-
ment includes, for example, material described in Interna-
tional Publication No. 2002/063340. However, although
SnO, is mentioned as one of the selections for the material for
detecting the radiation in International Publication No. 2002/
063340, there is no description about the resistance of SnO,
used. Further, a specific detecting method of detecting carri-
ers excited near a surface of a semiconductor layer is used.

In contrast to this, in the radiation detecting apparatus
according to this embodiment, the resistivity of the semicon-
ductor layer including SnO, is 107 ©Q-cm or more. Therefore,
a radiation detecting element having small dark current as
described above can be achieved. Further, the radiation
detecting apparatus according to the present invention also
differs from International Publication No. 2002/063340 in
that, when the semiconductor layer 1 is irradiated with the
radiation, the charges generated in the semiconductor layer 1
are detected as the electrical signal.

Further, a radiation image sensor (image forming appara-
tus) can be achieved by arranging the above-mentioned radia-
tion detecting elements including SnO, in an arrayed manner.
A two-dimensional image can be formed based on current
values (charge amounts) measured by the elements. The
image forming apparatus includes an image forming portion
that forms the two-dimensional image based on the signal
obtained from the charges generated in the semiconductor
layer 1 when the semiconductor layer 1 is irradiated with the
radiation.

Material for Detecting Radiation—SnO, Crystal

A tin oxide (SnO,) is a rutile-type tetragonal system crys-
tal, which is known as semiconductor having a bandgap of
about3.6 eV. The tin oxide (SnO,) is an environment-friendly
material composed of non-toxic elements, which is a highly
practical material with a low material cost. Further, the elec-
tron mobility at the room temperature has been reported to be
200 cm*/Vsec to 250 cm?/Vsec, and this large mobility is
suitable for achieving a high-performance radiation detecting
element.

Further, SnO, includes, as a main component, a heavy
element of Sn having the atomic number of 50 with a rela-
tively large density of 6.95 g/cm>, and hence the absorption
performance for the radiation (X-ray) is high. As described
earlier with reference to FIG. 10, SnO, has relatively large
X-ray absorption performance, and hence SnO, can absorb
the X-ray even if the thickness is thin compared to the case of
using Si or Ge. This enables downsizing (thinning) the appa-
ratus. In this manner, SnO, has physical properties desired as
the radiation detecting material; however, there is virtually no
example applying this material to the radiation detecting ele-
ment. One of the reasons is because the related art was not
able to achieve SnO, having a high resistivity. When a mate-
rial having a low resistivity is used for the material for detect-
ing the radiation, a current signal from the charges generated
at the time of the radiation irradiation is under the veil of the



US 9,134,438 B2

5

dark current (current at the time of the non-irradiation), and
hence the current signal cannot be detected. That is, in the
past, SnO, that was difficult to be highly resistive was not
proper as the material for detecting the radiation.

In general, it has been known that, in a process of manu-
facturing SnO,, excess tin (interstitial Sn) or oxygen defi-
ciency (oxygen vacancy) is formed in the crystal, so that
n-type semiconductor is formed due to carriers generated
accordingly. Typically, the resistivity is 10* Q-cm or less. For
example, a description of the tin oxide in physics and chem-
istry dictionary says that SnQO, is electro-conductive material
and its specific resistivity is about 10* Q-cm. This resistivity is
insufficient as the radiation detecting element. That is, it is
hard to use the related-art and general SnO, crystal as the
material for detecting the radiation.

As a method of obtaining highly resistive SnO,, doping
impurities of a heterogeneous element, degrading the crystal-
linity, achieving sintered green compact with insulator depos-
ited in a crystal grain boundary, and the like are conceived;
however, these methods cause degradation of the electron
mobility, leading to degradation of the sensitivity as the radia-
tion detecting element, and hence these methods are not
appropriate. That is, it is preferred that the impurities of the
heterogeneous element in the SnO, crystal be as little as
possible. In this embodiment, it is preferred that the impurity
amount of the heterogeneous element be 0.1 atom % or less,
and it is more preferred that the impurity amount of the
heterogeneous element be 0.001 atom % or less.

The inventors of the present invention earnestly studied a
method of manufacturing the highly resistive SnO,, and
developed a method of creating SnO, having the resistivity of
107 Q-cm or more with excellent reproducibility. Further, the
inventors of the present invention found that this highly resis-
tive SnO, showed a large conductivity change under the
radiation irradiation. That is, the inventors of the present
invention found that the highly resistive SnO, according to
this embodiment can function as the material for detecting the
radiation.

Method of Manufacturing SnO, Semiconductor

Asillustrated in FIG. 4, the method of manufacturing SnO,
semiconductor for detecting the radiation according to this
embodiment includes a first step of performing growth of a
SnO, crystal and a second step (resistivity enhancement pro-
cess) of performing thermal treatment in a state in which the
SnO, crystal is brought into contact with a structure including
an oxide.

More specifically, the first step is a step of manufacturing
the SnO, semiconductor having the resistivity of 10° Q-cm or
less, and the second step is a step of performing the thermal
treatment at the temperature of 1,000° C. or more in a state in
which the SnO, semiconductor and the structure including
the oxide are brought into contact with each other to increase
the resistivity of the SnO, semiconductor up to 10” Q-cm or
more. When the SnO, semiconductor having the resistivity of
10° Q-cm or less is available, the first step can be omitted.

Each of the steps is described below.

(1) First Step: Production of SnO, Crystal
Firstly, the SnO, crystal is produced. It has been known that
the SnO, crystal can be produced by such a method as the
vapor phase growth method, the vapor phase reaction
method, and the flux method. For example, the growth
method for a SnO, single crystal is described in detail in
Journal of the Electrochemical Society Vol. 123, No. 7,p. 199
(1976). In this document, methods including the vapor phase
growth method using SnO, as the raw material, the vapor
reaction growth method using SnCl, as the raw material, the
vapor phase reaction method using the metal raw material of
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Sn, and the flux method using the raw material of SnO, and
the flux of Cu, O are introduced. Other methods including the
evaporation method, the CVD method, the sol-gel method,
the sputtering method, the spray method, and the printing
method have also been known as methods for manufacturing
a SnQO, film.

The SnO, crystal produced by the above-mentioned
method typically has the resistivity of 10° Q-cm or less. In
Journal of the Electrochemical Society Vol. 123, No. 7, p. 299
(1976), the electrical property of SnO, is described in detail.
According to this document and the cited references thereof,
the resistivity of the SnO, crystal produced by the vapor
reaction growth method, which is known to obtain a quality
crystal, is 0.1 Q-cm to 0.3 Q-cm (from Japanese Journal of
Applied Physics Vol. 10, p. 727 (1971)) and 6x10° Q-cm
(from Journal of the Electrochemical Society Vol. 116, No. 9,
p- 1269 (1969)).

(2) Second Step: Resistivity Enhancement Process
Following the first step, the thermal treatment process (resis-
tivity enhancement process), which is the feature of this
embodiment, is performed. Prior to this process, processes of
shaping, polishing, and cleaning can be performed as appro-
priate.

The SnO, crystal that has the resistivity of 10°Q-cm or less
before performing this process (resistivity enhancement pro-
cess) can be made highly resistive after performing this pro-
cess, such that the resistivity is increased up to 107 Q-cm or
more.

As illustrated in FIG. 1, in the resistivity enhancement
process, the thermal treatment is performed in a state in which
the SnO, crystal 1 is brought into contact with a structure 2 of
platinum or a solid oxide including an oxide other than the tin
oxide. As the structure 2 including the oxide, a solid material
obtained by solidifying oxide powder, green compact
obtained by pelletizing oxide powder, sintered compact,
oxide powder, an oxide crystal plate, or the like can be used.

In this case, as the oxide, there may be used, for example,
Mg, Si0,, Al,04,Y,0;, Sc,0;, TiO,, Ga,0;, ZrO,, Nb,O;,
MoO,, HfO,, Ta,0s5, WO;, In,05, Tb,0,, Lu,0,, or Bi,O;.
In addition, a mixture or compound thereof may be used.

In particular, among the above materials, it is preferred to
use In,0;, Al,O;, Tb,0O,, or Sc,0;, because these materials
can reproducibly produce the SnO, crystal with a high resis-
tivity.

Further, from an aspect to achieve highly sensitive X-ray
detecting element using the SnO, crystal, it is preferred to use
Y,0;, TiO,, ZrO,, Al,O;, or In,O; among the above materi-
als.

In particular, from an aspect that an X-ray detecting ele-
ment having a large on-off ratio (ratio of current under X-ray
irradiation and the dark current) can be achieved, it is pre-
ferred to use Y, 03, Zr0O,, Al,O;, In, 0, or Tb,0, among the
above materials.

In particular, from an aspect that an X-ray detecting ele-
ment with a rapid current recovery after stopping the X-ray
irradiation can be achieved, it is preferred to use Al,Oj,
In, 05, HfO,, or Sc,0; among the above materials.

From the above descriptions, it is preferred that the solid
oxide be a solid metal oxide including at least one element of
Y, In, and Al.

In order to make the SnO, crystal highly resistive in a
sufficient manner, it is preferred that the temperature of the
thermal treatment in this process (resistivity enhancement
process) be 1,000° C. or more. Further, as a condition for
preventing dissolution or sublimation ofthe SnO, crystal, itis
preferred that the temperature of the thermal treatment be
1,500° C. or less. In particular, it is preferred that the tem-
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perature of the thermal treatment be in a range from 1,200° C.
to 1,300° C. It is preferred that the atmosphere of the thermal
treatment include oxygen. For example, the atmosphere
includes air atmosphere, oxygen atmosphere, and mixed
atmosphere of oxygen and inert gas. This enables the oxi-
dized state of SnO, to be maintained, and hence the repro-
ducibility of this process is improved.

With respect to the SnO, crystal in a plate shape or a rod
shape, in order to obtain a sufficient contact area between the
oxide and the SnQO,, it is preferred to perform the thermal
treatment in a state in which the SnO, is sandwiched by the
oxides up and down as illustrated in FIG. 1. Alternatively, the
oxide can also be arranged to cover the entire circumference
of the SnO,.

In this method, it is not clear why the highly resistive SnO,
crystal can be obtained at present. However, possible causes
can be considered, such as a possibility that the metal element
of the oxide material 2 that is brought into contact with the
SnO, 1 is diffused to the SnO, crystal so that the carrier
density is reduced or a possibility that the oxygen deficiency
or the interstitial Sn is excluded under the proper thermal
treatment environment. In addition to the high resistivity, the
SnO, crystal formed by this method has high sensitivity at the
time of X-ray irradiation that is described later. That is, both
the high X-ray sensitivity and the small dark current can be
achieved.

(3) Forming Element (Forming Electrodes, Wiring)
Following the resistivity enhancement process, the electrodes
are formed on the SnO, crystal, and thus the radiation detect-
ing element is achieved. As necessary, the radiation detecting
element can be placed on another substrate or in a container,
or a protective layer can be further provided.

Example 1

In Example 1, SnO, single crystal growth was performed
by a method using Cu,O as the flux. A mixture of Cu,O and
SnO, powder samples (99.99% of purity) with a ratio of 30 g
and 1.1 g was put in a platinum crucible, and then the thermal
treatment was performed at the temperature of 1,350° C. in
the atmosphere. When cooling down the temperature, a slow
cooling was performed at the rate of 3.66° C./h. Thereafter,
the obtained coagulation was dipped into hot concentrated
hydrochloric acid, and by dissolving and removing a colored
compound (oxide of Cu), a clear and colorless crystal was
obtained. The crystal was in a rod shape (prism shape) with a
size of 0.3 mmx0.45 mmx2 mm.

Subsequently, as illustrated in FIG. 1, the above-mentioned
SnO, single crystal was sandwiched by Y ,O; green compacts,
and the thermal treatment (resistivity enhancement process)
was performed for 24 hours at the temperature of 1,300° C. in
the atmosphere. The Y,O; green compact was obtained by
pressing Y,O; powder (99.99% of purity) and molding it in a
pellet shape of 10 mm¢.

Lastly, as illustrated in FIG. 2, the electrodes were formed
on a side surface of the rod-shaped crystal with a distance of
0.5 mm between the electrodes. A gold paste was used to form
the electrodes.

An evaluation of the resistivity of the above-mentioned
SnO, crystal showed an order of 10° Q-cm. Similarly, the
resistivity of a sample (Comparative Example 1) with no
resistivity enhancement process performed was evaluated,
which showed an order of 10* Q-cm. That is, in this embodi-
ment, about five digits of resistivity increase was confirmed
by performing the resistivity enhancement process. When the
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SnO, crystal according to this embodiment was placed in the
atmosphere for one month or more, the high resistivity was
maintained as it was.

A result of an X-ray diffraction revealed that the obtained
clear crystal was a SnO, crystal having a rutile structure. A
composition analysis by the fluorescent X-ray apparatus and
the secondary ion mass spectrometer (SIMS) showed thataY
amount in SnO, was equal to or below the detection limit
(10'° atoms/cm>). That is, incorporation of the metal element
(Y), which constituted the oxide (Y ,O;) that was brought into
contact with SnO, in the resistivity enhancement process, into
SnO, was unrecognized, which was equal to or below the
detection limit.

A mechanism of obtaining the high resistivity by the
above-mentioned resistivity enhancement process is not clear
at present. The following possibilities can be considered: (1)
apossibility that an infinitesimal amount of (amount equal to
or below the detection limit) Y is diffused into SnO, so that
Sn** is replaced by Y>*, resulting in a decrease of the carrier
density; and (2) a possibility that the oxygen deficiency or the
interstitial Sn defect is reduced by the thermal treatment.

Subsequently, as illustrated in FIG. 2, the bias power
source and the ammeter were connected between the elec-
trodes, to achieve the X-ray detecting element. An area of the
rod-shaped crystal between the electrodes was irradiated with
the X-ray in a state in which the bias voltage was applied, and
the X-ray response characteristic was evaluated. As illus-
trated in FIG. 2, in this example, a direction of flowing the
current and a direction of irradiating the crystal with the X-ray
are substantially perpendicular to each other. An X-ray source
having W as a target was used for the X-ray irradiation. The
acceleration voltage was 60kV, and the excitation current was
1 mA. The sample was irradiated with an X-ray intensity of
110 mGy/sec.

FIG. 5 shows voltage dependences of the dark current and
the current (excited current) under the X-ray irradiation. For
example, at the bias voltage of 100V, the current of 80 nA was
obtained at the time of the X-ray irradiation with respect to the
dark current of 0.4 nA. That is, the on-off ratio is 200. It is
found that the crystal has high sensitivity that can be used as
the X-ray detecting element.

On the other hand, a similar evaluation of the sample
according to Comparative Example 1 showed no difference in
the current between the dark state and the excited state. This
finds that the X-ray detecting element using the SnO, crystal
functions properly by performing the resistivity enhancement
process that is the feature of this embodiment.

Subsequently, an evaluation of ultraviolet response was
performed. The area between the two electrodes was irradi-
ated with the ultraviolet. The wavelength of the ultraviolet
was 300 nm, and the intensity of the ultraviolet was 1.0x10"°
photon/cm?/sec.

FIG. 6 shows a temporal change of the current value when
the ultraviolet irradiation was switched on and off. After the
ultraviolet irradiation, the current value showed an increase of
five digits or more within a few tens of seconds, and then
stabilized. After the ultraviolet was switched off, the current
value showed a decrease of three digits or more within a few
seconds, and recovered in a few minutes to the same current
as that before the irradiation.

The saturated photocurrent value showed a value as large
as 100 pA or more. The pt product (mobility lifetime product)
calculated from the photocurrent value was estimated to be
about 1072 [em?/V] to 107> [cm*/V]. The following expres-
sion (1) was used to calculate the pt product.
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where I is a photocurrent value, V is a bias voltage, W is a
distance between the electrodes, L is a width of the electrode,
F, is an irradiation light flux, and e is an elementary charge.

By performing the resistivity enhancement process, which
is the feature of this example, the highly resistive SnO, crystal
was able to be produced. By using the highly resistive SnO,
crystal, an X-ray detecting element and the ultraviolet detect-
ing element having a sufficient performance were able to be
achieved.

Examples 2 to 9

Firstly, the SnO, crystal was produced by a method (flux
method) similar to that of Example 1. Subsequently, the ther-
mal treatment (resistivity enhancement process) was per-
formed on the SnO, crystal in a state in which the SnO, crystal
was brought into contact with a structure including an oxide.
In this example, green compacts including various oxide
materials were used (Example 2: Al,O,, Example 3: Sc,0,,
Example 4: TiO,, Example 5: ZrO,, Example 6: In,0O;,
Example 7: Tb,O,, Example 8: Lu,0;, and Example 9:
HfO,). As Comparative Example 2, a green compact of SnO,
was used. As Comparative Example 3, a Pt plate was used in
lieu of the green compact.

In this process, the thermal treatment conditions such as
temperature profile, atmosphere, and the like were set based
on those of Example 1.

A result of performing the ultraviolet response evaluation
by a method similar to that of Example 1 is shown in Table 1.
The result shown in Table 1 is described below.

TABLE 1
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Example 1 using Y ,O, showed the largest value, and Example
1 using Y, O, was preferred. Other than that, Example 5 using
Zr0,, Example 4 using TiO,, Example 2 using Al,O;, and
Example 6 using In,O; were preferred. An X-ray detecting
element having high sensitivity (high current under X-ray
irradiation) can be achieved by using the SnO, crystal accord-
ing to these examples. On the other hand, it was found that, in
Comparative Example 3 using Pt, the photocurrent was small
and the sensitivity was low.

Regarding the characteristics of the X-ray detecting ele-
ment, the on-off ratio (current under X-ray irradiation/dark
current) is important as an index of the characteristic. It was
found that the largest on-off ratio was obtained in Example 6
using In,O, which was preferred. Other than that, Example 2
using Al,O;, Example 5 using ZrO,, Example 7 using Tb O,
and Example 1 using Y,O; were preferred. An X-ray detect-
ing element having a large on-off ratio can be achieved by
using the SnO, crystal according to these examples.

In some cases, the X-ray detecting element may need high
response when performing an evaluation in a repeated man-
ner within a short period of time depending on the usage. On
the right-end column of Table 1, a result of evaluating the
recovery rate of the current value after stopping the ultraviolet
irradiation is shown. The recovery rate in 10 seconds after
stopping the ultraviolet irradiation is shown. Specifically, the
recovery rate is represented by the following expression (2).

100-100*(I_10s-Id)/(I_on-Id) )

where Id is dark current, I_on is current under irradiation, and
1 10s is current in 10 sec after stopping ultraviolet irradia-
tion. That is, the larger recovery rate indicates the faster
current recovery.

Itwas found that Example 6 using In,O, showed the fastest
current recovery rate, and Example 6 using In,O; was pre-

Recover rate

Resistivity Dark current Photocurrent — On-off after 10 seconds
Oxide (Q-cm) (A) (A) ratio (%)

Examplel  Y,0; 1.3E+10 1.1E-10 3.6E-04 3.4E+06 98.92311
Example2  ALO; 6.2E+12 2.2E-13 1.6E-05 7.4E+07 99.99994
Example3  Sc,0; 6.2E+11 2.2E-12 1.3E-05 6.1E+06 99.99954
Example4  TiO, 2.7E+07 5.0E-08 1.2E-04 2.4E+03 94.43966
Example 5 ZrO, 5.9E+11 2.3E-12 1.2E-04 5.2E+07 98.92308
Example 6  In,O, 1.5E+13 9.1E-14 7.6E-06 8.3E+07 99.99999
Example 7 TbyO- 2.1E+12 6.5E-13 2.5E-06 3.9E+06 99.98464
Example 8  Lu,O, 8.1E+10 1.7E-11 5.0E-07 3.0E+04 99.98963
Example 9  HfO, 9.5E+11 14E-12 3.6E-08 2.5E+04 99.99988
Comparative  SnO, 4.6E+04 2.9E-05 7.7E-05 2.6E+00 96.13095
Example 2

Comparative Pt 2.2E+12 6.3E-13 1.9E-07 3.0E+05 99.99962
Example 3

Regarding the resistivity of the SnO, semiconductor, it was
found that Example 6 using In,O; in the resistivity enhance-
ment process showed the largest value, and Example 6 using
In,O; was preferred. Other than that, it was found that a high
resistivity was obtained in Example 2 using Al,O;, Example
7 using Tb,0,, and Example 3 using Sc,O,, which were
preferred. An X-ray detecting element having small dark
current can be achieved by using the SnO, crystal according
to these examples. On the other hand, in the case of Compara-
tive Example 2 using SnO,, it was found that the dark current
was large due to the small resistivity of the SnO, semicon-
ductor.

Regarding the photocurrent (current under X-ray irradia-
tion) under the ultraviolet irradiation, it was found that

65

ferred. Other than that, Example 3 using Al,O;, Example 9
using HfO,, and Example 4 using Sc,O, were preferred. An
X-ray detecting element having an excellent response speed
can be achieved by using the SnO, crystal according to these
examples.

From the above aspects, it was found that Example 6 using
In,0;, Example 3 using Al,O;, and Example 1 using Y,O;
had an excellent overall performance, and these examples
were preferred.

Example 10
Example 10 is an example in which the SnO, crystal was

produced by a method (vapor phase reaction method) using
Sn metal as the raw material.
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Firstly, 10 g of Sn powder (99.999% of purity) was putin an
aluminum crucible having a capacity of 15 cc, the crucible is
was covered with a lid, and then the thermal treatment was
performed in the atmosphere for two hours at the temperature
0f1,350° C. Inthe crucible after the thermal treatment, a clear
needle-shaped crystal or a clear plate-shaped crystal was
obtained.

Subsequently, with respect to a sample of the plate-shaped
crystal having a size of 2 mmx2 mmx0.5 mm, the thermal
treatment (resistivity enhancement process) using the Y,O,
green compact was performed by a method similar to that of
Example 1. Following the thermal treatment, the electrodes
were formed with a distance of 0.5 mm between the elec-
trodes by using an Au paste on the upper surface of the
plate-shaped crystal.

Five SnO, crystals according to this example formed by the
above-mentioned method were prepared, and the evaluation
of the resistivity was performed. A result of the evaluation
showed that the resistivity was in a range from 10° Q-cm to
10" Q-cm.

In the meanwhile, as Comparative Example 4, samples on
which the resistivity enhancement process was not performed
were prepared, and the evaluation of the resistivity was per-
formed. A result of the evaluation showed that the resistivity
was distributed in a range from 10° Q-cm to 10° Q-cm
depending on the samples.

From the above aspects, in this example as well, it was
found that the high resistivity was obtained in the SnO, crys-
tal by the thermal treatment using the Y,O; green compact. In
addition, it was found that the resistivity that had been dis-
tributed in a broad range before the resistivity enhancement
process fell within a narrow range after the thermal treatment.

An evaluation of the X-ray response by a method similar to
that of Example 1 confirmed that an X-ray response charac-
teristic similar to that of Example 1 was obtained. Further, an
evaluation of an impurity amount by the fluorescent X-ray
showed that amounts of the elements other than Sn and O
were equal to or below the detection limit.

In this example, the highly resistive SnO, crystal was able
to be produced by performing the resistivity enhancement
process on the plate-shaped SnO, crystal produced by using
the vapor phase reaction method. An X-ray detecting element
having a sufficient performance was able to be achieved by
using the highly resistive plate-shaped SnO, crystal.

Example 11

In Example 11, the clear plate-shaped crystal having a size
of 3 mmx2 mmx0.3 mm was used among the SnO, crystals
produced by a method similar to that of Example 10. The
resistivity enhancement process was performed by using the
Y,0O,; green compact by a method similar to that of Example
1

Thin film electrodes (the upper electrode and the lower
electrode illustrated in FIGS. 3A and 3B) of Au (50 nm)/Ti (5
nm) were formed on upper and lower surfaces of the sample
by the sputtering method. A dimension of each of the upper
and lower electrodes was 3 mm?. The bias power source and
the ammeter were connected to these electrodes.

As illustrated in FIGS. 3A and 3B, the sample was irradi-
ated with the X-ray from the above, and the response charac-
teristic was evaluated. The X-ray was collimated to a diameter
of 0.8 mm with a collimator, and transmitted through the
electrode from the upper surface of the sample, so that the
SnO, was irradiated with the X-ray. That is, as illustrated in
FIG. 3B, in this example, the upper electrode and the lower
electrode are arranged in parallel and facing each other, so
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that the direction of flowing the current and the direction of
irradiating the SnO, with the X-ray are substantially parallel
to each other. The other conditions for the X-ray irradiation
evaluation were set based on those of Example 1.

FIG. 7 shows a change of the current at the time of the
X-ray irradiation. The bias voltage was 200 V. The current of
5 pA was obtained at the time of the X-ray irradiation with
respect to the dark current of 0.2 nA under the X-ray non-
irradiation. That is, an on-off ratio as large as 25,000 was
obtained.

As illustrated in FIGS. 3A and 3B, in an element in which
the first electrode and the second electrode were arranged
sandwiching the semiconductor layer, an X-ray detecting
element having a sufficient performance was able to be
achieved. In this example, the X-ray irradiation area was
limited to an area of the electrode, and hence the detected
signal was caused by charges generated in the SnO, semicon-
ductor. That is, the charges generated in the SnO, crystal are
detected as the electrical signal through the electrodes
arranged on the upper and lower surfaces of the crystal. With
this configuration, an X-ray detecting element having a high
on-off ratio was able to be achieved.

Example 12

Example 12 is an example in which a response to a pulsed
X-ray was evaluated by using the X-ray detecting element
produced by a method similar to that of Example 11.

The pulsed X-ray had a pulse width of 0.3 sec. In a current
measurement, a current-voltage conversion amplifier was
connected to the ammeter 6 illustrated in FIGS. 3A and 3B,
and an output voltage of the current-voltage conversion
amplifier was measured by an oscilloscope.

FIG. 8 shows a temporal change of the current value at the
time of the X-ray irradiation. The X-ray irradiation time
period was between 0 sec to 0.3 sec in FIG. 8. Four data with
different X-ray irradiation intensities are shown in FIG. 8.
Focusing on the data of the irradiation intensity of 55 mGy/
sec, it was found that the current reached about 0.9 nA (pri-
mary plateau current) in the time window of 0 sec to 10 msec,
maintained the level up to a few 100 msec, and then increased
again.

FIG. 9 shows characteristics of this behavior. That is, after
the X-ray irradiation, the current increased up to the primary
plateau current (I1) in a few 10 msec, and then reached a
saturated current value (Is) through a plateau region, a lower
convex region, an inflection point (t1), and an upper convex
region.

The primary plateau current (I1) shows a behavior virtually
in proportion to the X-ray irradiation intensity. Therefore, an
X-ray intensity evaluation can be performed by using the
primary plateau current I1. The evaluation can be performed
in a relatively short period of time by using the primary
plateau current.

The X-ray intensity evaluation can also be performed by
using the saturated current value (Is). The saturated current
value Is behaves as y-th power of the X-ray intensity, and
hence the X-ray intensity can be evaluated by using this
correlation. y is in a range from 0.7 to 1. The saturated current
value (Is) necessitates a time period of a few seconds or more
in order for the value to be saturated. However, the saturated
current value (Is) has a large current value compared to the
primary plateau current 11, and hence the evaluation can be
performed with high accuracy. On the other hand, when the
saturated current value Is is used, the time is required until the
current saturation, and hence when the evaluation is to be
performed in a short period of time, it is preferred to use the
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primary plateau current I1. That is, the saturated current value
Is can be used when the sensitivity matters, and the primary
plateau current I1 can be used when the response speed mat-
ters.

Further, the time of the inflection point (t1) is decreased as
the X-ray irradiation intensity is increased. By using this
phenomenon, the X-ray irradiation intensity can be estimated
from a position of the inflection point (t1).

Moreover, the current of the plateau region can be accu-
rately read out by setting the X-ray irradiation intensity with
which the radiation detecting element is irradiated to a value
equal to or below a rated value and further setting a time for
reading out the current corresponding to the rated value.

As shown in FIG. 9, as the X-ray irradiation intensity is
increased, the plateau region (0 to t1) is decreased, and hence
by setting an upper limit of the X-ray irradiation intensity in
advance, a time range for reading out the current correspond-
ing to the upper limit can be set. With this method, a value of
the primary plateau current I1 can be accurately evaluated by
reading out the current value of the plateau region.

Although it depends on the details such as the condition for
preparing the sample, when the semiconductor layer is irra-
diated with the radiation having the absorbed dose per second
of 50 mGy/sec or less, it is preferred to detect the electrical
signal within 0.3 sec after the irradiation. For example, the
current of the plateau region can be accurately evaluated by
setting the X-ray irradiation intensity with which the radia-
tion detecting element is irradiated to 55 mGy/sec or less and
performing the current evaluation within 100 msec after start-
ing the X-ray irradiation. By using this method, the primary
plateau current 11 can be accurately read out without reading
the currents of the upper convex region and the saturated
region, and hence a highly reliable evaluation can be per-
formed.

The radiation detecting apparatus according to the present
invention, which uses SnO,, can be used for a radiation image
sensor for medical and industrial applications using radiation
such as X-ray and y-ray, and a measurement instrument for
high energy physics and space applications.

The highly resistive SnO, semiconductor formed by the
manufacturing method according to the present invention can
be used as a material for detecting the radiation, a material for
a UV optical sensor, a maternal for a chemical sensor, and the
like.

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2013-130012, filed Jun. 20, 2013, which is
hereby incorporated by reference herein in its entirety.

What is claimed is:

1. A radiation detecting element comprising:

a semiconductor layer including a tin oxide crystal; and

a detecting unit configured to detect, as an electrical signal,
charges generated in the semiconductor layer when the
semiconductor layer is irradiated with radiation,

wherein a resistivity of the semiconductor layer is 107
€2-cm or more.

2. The radiation detecting element according to claim 1,

wherein the tin oxide crystal includes SnO,.
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3. The radiation detecting element according to claim 2,
wherein:

the semiconductor layer includes a first surface and a sec-

ond surface that differs from the first surface; and

the detecting unit includes:

a first electrode arranged on the first surface; and

a second surface arranged on the second surface.

4. The radiation detecting element according to claim 1,
wherein a thickness of the semiconductor layer is 0.2 mm or
more to 1 mm or less.

5. The radiation detecting element according to claim 1,
wherein:

the semiconductor layer includes a first surface and a sec-

ond surface that differs from the first surface; and

the detecting unit includes:

a first electrode arranged on the first surface; and

a second surface arranged on the second surface.

6. The radiation detecting element according to claim 5,
wherein the first surface and the second surface face each
other.

7. The radiation detecting element according to claim 1,
wherein the detecting unit is configured to detect the electri-
cal signal within 0.3 sec after irradiation when the semicon-
ductor layer is irradiated with radiation with an absorbed dose
per second of 50 mGy/sec or less.

8. An image forming apparatus comprising:

the radiation detecting element according to claim 1; and

an image forming portion configured to form image infor-

mation based on the electrical signal.
9. A method of manufacturing semiconductor including tin
oxide, the method comprising:
heating a tin oxide crystal having a resistivity of 10° Q-cm
or less in a state in which the tin oxide crystal is brought
into contact with one of platinum and a solid oxide
including an oxide other than the tin oxide; and

obtaining the tin oxide having a resistivity of 107 Q-cm or
more.

10. The method according to claim 9, wherein the solid
oxide includes a solid metal oxide.

11. The method according to claim 10, wherein the solid
metal oxide includes at least one element selected from the
group consisting of Y, In, and Al.

12. The method according to claim 10, wherein the solid
metal oxide includes metal oxide powder.

13. The method according to claim 12, wherein the solid
metal oxide includes a green compact of the metal oxide
powder.

14. The method according to claim 9, wherein the tin oxide
crystal includes SnQO,.

15. The method according to claim 9, wherein the heating
a tin oxide crystal includes heating the tin oxide crystal at a
temperature of 1,000° C. or more.

16. A method of manufacturing a radiation detecting ele-
ment, the method comprising forming a first electrode and a
second electrode on semiconductor including tin oxide manu-
factured by the method according to claim 9.

17. A method of manufacturing an image forming appara-
tus, the method comprising connecting electrically an image
forming portion, which is configured to form image informa-
tion based on an electrical signal detected by a radiation
detecting element manufactured by the method according to
claim 16, to the radiation detecting element.
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